Introduction
[2] Phenology is the study of naturally recurring events [Menzel et al., 2006] , such as the onset of spring bird nesting, the timing of bears' winter lethargy, or the length of the summer growing season. Such studies have long been used to describe terrestrial ecosystems and infer forcing mechanisms [Cleland et al., 2007; Penuelas et al., 2009] , but phenological patterns and dependencies are much less well characterized for ocean ecosystems. Freshwater and coastal phytoplankton phenologies are also relatively well documented compared to those of the open ocean [Huber 1 et al., 2008; Kromkamp and Van Engeland, 2010; Winder and Schindler, 2004] .
[3] Evolution of marine biota under changing environmental conditions-at interannual, decadal, and longer time scales-remains a poorly understood phenomenon. Phenological analysis offers a valuable approach to characterizing phytoplankton seasonal cycles and their relation to environmental changes. Such characterizations are central to disentangling the complicated cause-effect relationships between climate forcing and phytoplankton response, and in turn improving numerical predictions of ecosystem response to future climate scenarios [Sarmiento et al., 2004] .
[4] One reason that pelagic phytoplankton phenology has remained a major challenge [Edwards and Richardson, 2004] is the difficulty of obtaining continuous observations throughout an annual cycle. With the growing availability of biological ocean time series, phenological studies of oceanic phytoplankton are receiving increasing attention [Ji et al., 2010] . Relevant open-ocean findings have been recently reported from analyses of in situ and satellite data [Beaugrand et al., 2009; Beaugrand et al., 2002; Behrenfeld et al., 2005; Boyce et al., 2010; Conkright and Gregg, 2003; Edwards and Richardson, 2004; Gregg et al., 2003; Racault et al., 2012] .
[5] Satellite ocean color observations, in particular, show strong promise for providing empirical time series data with the temporal and spatial resolution needed to characterize phytoplankton phenology at regional and global scales. Such data sets have been previously used to characterize biogeochemical provinces and major phenological events for phytoplankton over large areas of the oceans [Devred et al., 2007; Henson et al., 2009; Platt and Sathyendranath, 2008; Platt et al., 2010; Platt et al., 2009; Siegel et al., 2002] . Satellite observations are limited to characterizations of the surface ocean, but as noted by Ji et al. [2010] , their synopticity, global coverage, and relatively high temporal frequency provide compensating benefits. Satellite data provide a powerful tool for investigating phytoplankton phenological patterns [Platt et al., 2009] .
[6] Most previous analyses of satellite ocean-color observations have focused on phytoplankton blooms, which have been typically considered to be the primary phenological feature for phytoplankton [i.e., Racault et al., 2012] . Also worthy of investigation are areas lacking conspicuous bloom events (e.g., tropical regions), as well as periods of the year when phytoplankton biomass displays only small changes. Key stages of phytoplankton temporal evolution, such as bloom decay or secondary blooming events, have been generally overlooked [but see Vargas et al., 2009] .
[7] In this work, we address this gap by using satellite ocean color observations to characterize phytoplankton phenological traits for whole seasonal cycles over large oceanic areas. We explored the possibility offered by a recently generated ocean color data set to investigate whether the oceanic phytoplankton phenology displayed changes over relatively long periods. High quality ocean color global data have been routinely collected since 1997 [McClain, 2009] , when the first new generation ocean color mission started with the Sea-viewing Wide Field-of-view Sensor (SeaWiFS). However, the first ocean color mission was the Coastal Zone Color Scanner (CZCS), which generated, from 1978 to 1986, the first global data set of ocean color observations [Hovis et al., 1980] . Although less technologically advanced than the present-day sensors, the CZCS produced a set of crucial observations, which provided the first characterization of the global scale spatiotemporal variability of the oceanic surface chlorophyll [Longhurst, 1995] . Despite the difference in sensor design and performance, the homogenization of the CZCS and the SeaWiFS observations (for the years [1979] [1980] [1981] [1982] [1983] and for the period 1998-2002, respectively) has been accomplished [Antoine et al., 2005] . This data set was obtained by processing CZCS and SeaWiFS observations with strictly identical algorithms. Therefore, this data set is appropriate to detect possible phenological changes over two periods separated by 20 years, and to explore their possible links and feedbacks with the environmental forcing.
[8] The first aim of the paper is then to exploit the new CZCZ/SeaWiFS data set to identify possible modifications of the main patterns of the global scale phytoplankton phenology, over the two periods 1979-1983 and 1998-2002 . The similarities and the differences observed over these two periods provide preliminary insights about the changing characteristics of the phytoplankton phenology over a long time frame. The relatively narrow temporal windows of the two series prevent a full assessment of trends or biases, however. Nevertheless, phenological characteristics resulting from the comparison of the two 5-years periods provide a first guess of possible changes, which could facilitate other approaches in identifying long-term changes, if any. The results of our analysis also provide an experimentally derived framework to modeling approaches, which represent the key scientific tool to reconstruct ocean dynamic when data are missing (i.e., short-term or sporadic observations are often used to constraint long-term simulations; see, for example, Henson et al. [2009] ).
[9] In this study, phenological phytoplankton patterns are elucidated by a novel approach based on cluster analysis, which has been tested at a regional scale for the Mediterranean Sea [D'Ortenzio and Ribera d 'Alcalà, 2009] . This approach allows for the identification of a limited number of seasonal-cycle types considered to be statistically representative of the initial data set. The spatial distributions of the seasonal cycles are then mapped for each time period, as are the 20-year differences. We also analyze the entire SeaWiFS time series (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) and compare it to the SeaWiFS 5 year time series (1998) (1999) (2000) (2001) (2002) to assess possible biases due to subsampling of long-term changes when using only 5-year averages. We also map 20-year differences in mixed layer characteristics-specifically, annual maxima and timing of the annual maxima. Finally, we explore possible linkages between changes in phenology and changes in climate indices that track large-scale ocean-atmosphere phenomena, such as the Atlantic Multidecadal and Pacific Decadal Oscillations (AMO and PDO) and El Niño-Southern Oscillation (ENSO) events. To better elucidate the ENSO effect on phytoplankton phenology, we also carried out the analysis of the whole SeaWiFS data set (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , by separately grouping the El Niño and La Niña years.
Data and Methods

Satellite Data
[10] Ocean color time series are provided by the CZCS [Hovis et al., 1980] and the SeaWiFS, [McClain et al., 2004] missions. Caution is required when comparing data from these two time series, which are separated by an 11-year gap and cannot be cross-validated. We used the reprocessed data set generated by Antoine et al. [2005] , who applied the same algorithms and an adapted calibration to both CZCS and SeaWiFS observations to yield two fully compatible 5-year time series of chlorophyll (Chl) concentration data. Readers are referred to Antoine et al. [2005] for further explanation of this reprocessing and to Martinez et al. [2009] for an illustration of how these data sets have been used to quantitatively analyze basin-scale phytoplankton changes over twenty years.
[11] The years 1979 to 1983 were selected for the CZCS analyses because few data are available from 1984 and calibration is uncertain for 1985 and 1986. The reprocessed SeaWiFS data set, which was generated in 2003 from the standard NASA Level-1a products (i.e., raw data), includes the five years from 1998 to 2002. The full SeaWiFS record (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) was used in the version distributed by the NASA (reprocessing #5). A comparison between the NASA standard and the reprocessed SeaWiFS products was presented in Antoine et al. [2005] . The existing differences between the two archives show very weak seasonal variability, ensuring that if normalized data are used instead of absolute values, the two products are comparable.
[12] We initially remapped the Antoine et al. [2005] 5-year climatological data (for the periods 1979-1983 and 1998-2002) at a 2 spatial resolution, retaining only those pixels that had a full set of twelve monthly mean Chl values for both the data sets (i.e., the resulting two climatologies have the same number of pixels, and every pixel has a full year of monthly mean CZCS Chl values and a full year of monthly mean SeaWiFS Chl). Coastal areas with water depth <200 m were excluded. Because CZCS observations were intermittent in the Southern Hemisphere, the data sets generated for the periods 1979-1983 and 1998-2002 cover essentially the Northern Hemisphere between 10 and 40 N with partial coverage up to 50 N, plus a few regions of the Southern Hemisphere (i.e., the western Indian Ocean, the southwestern Pacific, and the western equatorial Atlantic). This spatial distribution was also imposed on the full SeaWiFS record (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , and a climatology with the same characteristics of the 1979-1983 and 1998-2002 climatologies (monthly, 2 resolutions) was then generated. [14] Note that the normalization imposed on the three data sets (1979-1983, 1998-2002 and 1998-2010) emphasizes the shapes of the seasonal cycles rather than the absolute values of the chlorophyll concentrations. It minimizes also the effects of possible remaining bias between the three data sets.
[15] In the following, we refer to the Antoine et al. [2005] reprocessed data sets as the "1979-1983" and "1998-2002 " data and to the standard full SeaWiFS data sets as "1998-2010" data.
Cluster Analysis
[16] The cluster-analysis method used here was initially developed to identify phenological traits of the Mediterranean Sea from time series of SeaWiFS chlorophyll concentrations [D'Ortenzio and Ribera d'Alcalà, 2009] . Similar techniques are routinely used in the atmospheric sciences [Fovell, 1997; Lund and Li, 2009] . The cluster analysis was applied to the normalized remotely sensed chlorophyll concentrations. This technique groups sites (pixels in satellite fields) that exhibit similarly shaped seasonal cycles-i.e., similar phenologies. The center (average cycle) within each group or cluster is then computed to provide a single characteristic seasonal cycle that is statistically representative of the group as a whole (depending on the application, the cluster analysis may be applied iteratively to further merge the groups). Each final group of representative seasonal cycles constitutes what we refer to as a phenological characteristic regime. Geographic maps of these regimes reveal large ocean areas that host a single regime or closely similar regimes; we refer to these regions as phenological bioregions. Similar techniques have been already used to determine bioregions, by clustering different parameters on the same pixel and then grouping pixels having similar ranges of the considered parameters [i.e., Oliver and Irwin, 2008; Moore et al., 2001] . The approach proposed here is however different, in the sense that the pixel classification (and the consequent spatial distribution of the memberships) is based uniquely on the phenology of phytoplankton (i.e., on the seasonal cycle of the surface normalized chlorophyll), without introduction of any additional parameters. The phenological bioregions that we obtained are then not comparable with those obtained using other approaches.
[17] For each pixel of the CZCS and SeaWiFS climatologies, a vector containing the twelve monthly observations of normalized Chl concentration was extracted. The resulting M vectors were organized in two arrays of N x M size, one for each climatology, where N = number of months = 12 and M = number of pixels = 2519. Therefore the two periods where treated as completely independent. Each array was then clustered using an agglomerative hierarchical clustering method [Hartigan, 1975] . The number of clusters, n, is the only input parameter for this method. Its value was determined independently for each climatology by using a method introduced by Ratkowsky and Lance [1978] and later adapted to satellite ocean color data sets by D'Ortenzio and Ribera d'Alcalà [2009] . The clustering process ultimately produces two M-sized vectors (one for each climatology) that indicate the membership (i.e., the assigned cluster) of each satellite pixel. The center of each cluster was determined by computing the median over all rows of the initial array having the same cluster membership. Similarities among these cluster centers (i.e., representative seasonal cycles) from both climatologies were then assessed by again applying the same clustering technique. The resulting groupings ("Clusters") define our phytoplankton regimes (i.e., the shape of the curve that tracks normalized Chl over the climatological year). A global map of cluster memberships was also produced for each climatology to show the spatial distributions of the phenological bioregions during each time period.
Cluster Stability
[18] Statistical relevance of the clusters and memberships was checked using three different test algorithms [D'Ortenzio and Ribera d'Alcalà, 2009; Hennig, 2007] . The rationale was to verify whether the clustering results are reproduced when the initial data set is slightly altered. Ideally, clustering results will be insensitive to noise-level or other small changes to the original data. Clusters found to be unstablethat is, overly sensitive to noise or small biases, for example-must be considered with caution. The method used here is based on Hennig [2007] , whose approach has been previously employed to test the stability of satellite data classifications [D'Ortenzio and Ribera d'Alcalà, 2009; Farmer et al., 2010] :
[19] 1. Hierarchical clustering was applied to the original data set of satellite observations, resulting in a first set of clusters (i.e., two sets of n "original clusters").
[20] 2. Three modified data sets were then generated for each climatology by 1) the bootstrap method, which uses the original clusters to introduce bias in the original data set, 2) the noise method, which randomly replaces 5 percent of the elements of the original data set with noise values, and 3) the jittering method, which adds or removes noise to every element of the original data set. Noise and errors for the noise and jittering methods were calculated using the covariance matrix of the original data set [Hennig, 2007] .
[21] 3. For each modified data set, n clusters ("modification clusters") were calculated using the same algorithm that was used to compute the original clusters.
[22] 4. The Jaccard similarity coefficient was computed to quantitatively compare each original-cluster set with its three associated modification-cluster sets. Given two series of clusters (original and modification), the Jaccard coefficient is the number of points belonging to both series divided by the total number of points. (See Hennig [2007] for a formal demonstration.)
[23] 5. Steps 2 through 4 were repeated 100 times, and average Jaccard coefficients were computed.
[24] Following Hennig [2007] , clusters with a mean Jaccard coefficient greater than 0.75 can be considered stable. This threshold value is only a general guideline, indicative of likely stability. Low Jaccard coefficients likely suggest erratic or incorrect classifications; in such cases, cluster identifications must be considered more tentative and interpretations must be made with greater caution.
Results
[25] The appropriate number of initial clusters, determined separately and independently for each of the fiveyear climatologies, turned out to be five in both cases: n czcs = n seawifs = 5 (Figure 1 ). Stability tests on the resulting ten (n czcs + n seawifs = 10) clusters produced mean Jaccard coefficients greater than the stability threshold value of 0.75 for most clusters (Table 1 ). The coefficients are generally higher for clusters from the 1979-1983 data set. The bootstrap and noise tests for two of the clusters for the period 1998-2002 (identified as Tropical and Subtropical South, discussed below) produced Jaccard values lower than 0.7; the Tropical noise test produced a value less than 0.6. These two clusters of the 1998-2002 period may therefore be statistically less relevant than the other clusters and should be interpreted with caution.
[26] Among the ten seasonal cycles (Figures 1a-1f ), which correspond to the centers of the clusters for the two time periods, some similarities were apparent. To quantify these resemblances and facilitate interpretation, similar cycles were grouped together, again using a clustering technique. Four resulting groups (Clusters #1, #2, #3, and #4) were found to contain statistically similar members from both time periods (Figures 1a-1d ). One seasonal cycle from each eraassigned to Cluster #5 (1979-1983 only; Figure 1e ) and Cluster #6 (1998) (1999) (2000) (2001) (2002) only; Figure 1f )-did not show statistical similarity to any other temporal cycle. For comparison, Figure 1g shows the mean seasonal cycle for SeaWiFS pixels within areas identified as belonging to Cluster #5 of the 1979-1983 period. Similarly, Figure 1h shows the mean seasonal cycle of CZCS pixels located in areas assigned to Cluster #6 of the 1998-2002 period. Membership maps showing Cluster assignments for each pixel of the 1979-1983 and 1998-2002 cliamtologies are shown in Figures 2a and 2b.
[27] Standard deviations were calculated to indicate the variability of normalized Chl for each month within the climatology-specific clusters (Figures 1a-1f ) and the comparison (non-cluster) seasonal cycles (Figures 1g and 1h ). The standard deviation was calculated on all pixels within a cluster for a given month regardless of pixel location.
[28] The main feature of Cluster #1 ( Figure 1a ) is a normalized-Chl peak in April/May, followed by a summertime low. A secondary peak in November/December is observed in only the 1979-1983 seasonal cycle. This Cluster is observed almost exclusively in the Northern Hemisphere ( Figure 2 ) and corresponds to model number 2 of the Longhurst [1995, 1998 ] classification (Westerlies domain: midlatitude nutrient-limited spring production peak). An important differentiating feature of this Cluster is the sharp springtime peak. We refer to this Cluster as the Bloom regime.
[29] Cluster #2 ( Figure 1b ) is similar to model 4 of the Longhurst [1995, 1998 ] classification (Tropics, named here Tropical). In this Cluster, normalized Chl concentration varies only weakly across the seasons. Slight differences between the two periods are observed, with the 1979-1983 curve showing a minor summertime dip. This Tropical Cluster occurs predominantly in the Northern Hemisphere tropical belt (between the equator and 20 N) during both time periods (Figure 2 ). It's important to keep in mind that this cluster-and all others-is defined not by its geographic location but by the shape of the curve that tracks normalized Chl over the climatological year (e.g., Figure 1b ). So-called Tropical cycles may well occur in nontropical locations; the key point is that the seasonal cycles in these areas are relatively flat, with little variability observed in normalized Chl over the course of the year.
[30] Clusters #3 and #4 have similar seasonal evolutions, with one shifted by about six months from the other. Cluster #3 shows a normalized-Chl peak in January/February, while Cluster #4 exhibits a maximum in August/September. These phenological Clusters correspond to Longhurst's model 3 (Subtropical winter nutrient-limited). Cluster #3 is observed almost exclusively in the Northern Hemisphere, and we named it Subtropical North. Cluster #4 is observed predominantly in the Southern Hemisphere, and we refer to it as the Subtropical South regime. During the 1998-2002 period, Cluster #4 is also observed in equatorial regions of the western Indian Ocean and western Atlantic. The Subtropical Clusters exhibit a pronounced to moderate seasonality (i.e., difference between annual maximum and minimum) but are differentiated from the Bloom Cluster by the timing of the peaks.
[31] The remaining two Clusters, #5 and #6, are seen during only one time period or the other. Cluster #5, observed in the 1979-1983 data only (Figure 1e) , is similar to the Tropical Cluster but with a highly enhanced tail at the end of the year. This cycle shows maximum normalized Chl values in December and minima in Apr/June and is located within the equatorial belt (Figure 2a ). This regime seems to be intermediate between the Tropical and Subtropical North Clusters; consequently, we refer to it as Transitional Tropical. Cluster #6, observed in the 1998-2002 data only (Figures 1h and 1f) , appears to be a transition or intermediate regime between the Bloom and Subtropical North Clusters; we refer to it as the Transitional Bloom regime. A key feature of this Cluster is its relatively muted seasonality. No patterns similar to Clusters #5 and #6 are present in the Longhurst models. However, as will be further developed in the Discussion section, these two Clusters can be interpreted as subclasses of the Bloom, Tropical, and Subtropical North regimes. In this sense, they still fall within the Longhurst classification scheme, though they describe some specific conditions that lie outside the scope of Longhurst's analyses. Transitional Tropical and Transitional Bloom regimes may appear not only during times of transition from one fundamental regime to another; they may also [32] The patterns emerging for years 1998-2002 are very similar to the patterns characterizing the full SeaWiFS record (1998-2010; Figures 3 and 4) . Over the 1998-2010 period, the Transitional Bloom regime displays a higher seasonality (difference between minima and maxima in the normalized chlorophyll) and a larger geographical extension than in the 1998-2002 subset. A one-month shift is present in the occurrence of the maximum in the Bloom regime, which displays a smaller geographically extension at the expense of the Transitional Bloom. The Transitional Bloom is more significant than the Bloom and the Subtropical North, which is a further clue for it being a combination of the two regimes. Overall, although some slight differences appear between the clusters obtained from the standard 1998-2010 and the reprocessed 1998-2002 SeaWiFS data, both cluster-analysis highlights the same changes compared with the 1979-1983 CZCS time period.
[33] We also performed two cluster analyses separately for El Niño and La Niña years, using the 1998-2010 SeaWiFS data set (Figure 7) . The years 1998 , 2007 were assigned to El Niño conditions and 1999 , 2000 , 2001 , 2009 to La Niña [Radenac et al., 2012] . A first goal of these two analyses is to determine to what extent our averaging over 5 years could mask significant patterns determined by these large-scale oceanic processes. 4. Discussion 4.1. Oceanographic Relevance of Cluster-Based Phytoplankton Phenology
[35] As discussed below, several lines of evidence indicate that the seasonal-cycle clusters are not merely statistical entities but are in fact oceanographically relevant. Four regime clusters were identified in ocean-color data from both the periods 1979-1983 and 1998-2002 : Bloom, Tropical, Subtropical North, and Subtropical South. Because the cluster identifications were performed independently on the CZCS and SeaWiFS data archives, the four clusters likely represent real environmental patterns. In addition, these four persistent clusters match previously identified patterns of Figure 3 . Centers of the clusters identified in the complete SeaWiFS data sets (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) and in the reprocessed SeaWiFS data sets (1998) (1999) (2000) (2001) (2002) . Lines: reprocessed data sets (1998-2002, as in Figure 1) ; diamonds: full SeaWiFS record (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . Standard deviations are indicated as vertical bars for the full SeaWiFS record and as shaded areas for the reprocessed SeaWiFS period.
phytoplankton phenology [Longhurst, 1998; Riley, 1946; Yoder et al., 1993] : Bloom, Tropical, and Subtropical (the Subtropical North and Subtropical South clusters can be considered subsets of the same Subtropical model/regime; they are simply time-shifted according to hemisphere).
[36] Assessments of oceanographic consistency must also include evaluation of the spatial patterns that arise from the cluster analyses. The membership maps (Figure 2) show that pixels belonging to the same cluster are usually contiguous. This spatial coherence is an indication that the method captures real biogeographical features of oceanic phytoplankton. In addition, most pixels were automatically assigned to clusters of the appropriate hemisphere. The few exceptions are discussed below.
[37] No predefined shapes were imposed on the cluster centers (seasonal cycles). These results, along with the statistical stability tests (Table 1) , demonstrate the robustness of the adopted cluster analysis. Patterns consistent with oceanographic observations and expectations were obtained without the input of any a priori hypothesis. 1979-1983 and 1998-2002 [38] For 35% of the areas analyzed, cluster membership did not change from 1979 to 1983 to 1998-2002 (dark gray areas in Figure 5 ). In the remaining 65% of the pixels, the most conspicuous phenological changes were the emergence of the Transitional Bloom regime (blue and green areas, Figure 5 ) and the disappearance of the Transitional Tropical regime (purple and pink areas, Figure 5 ). More precisely, 13.5% of the 1979-1983 pixels changed their membership in Transitional Bloom, and 19% of the 1979-1983 changed their membership from Transitional Tropical to another regime. To further explore these changes of cluster membership, we looked to characterizations of upper-ocean stratification, reports of widespread decadal-scale ecosystem- related change (e.g., Chl concentrations), and changes in large-scale climate indices and their oceanic signatures. To map mixed-layer behavior specifically, changes in the average annual maximum mixed layer depth (MLD; Figure 6a ) and the timing of the annual maximum (Figure 6b ), we relied on Simple Ocean Data Assimilation (SODA) model output [Carton and Giese, 2008] . The MLD is determined using a temperature criterion, as being the depth where the temperature is 0.2 C different from the temperature at 10 m [de Boyer Montégut et al., 2004] .
Phytoplankton Phenology in the Periods
[39] Dissecting the phenological signal is extremely complicated. Phytoplankton temporal evolution in a given location results from both "bottom-up" processes linked to physical environmental conditions and "top-down" processes linked to more biologically mediated interactions [Ji et al., 2010] . In this work, we focus largely on upperocean stratification, for which data are more readily available, as a reasonable starting point for exploring the observed 20-year shifts in phytoplankton phenology.
Emergence of the Transitional Bloom Regime
[40] Emergence of the Transitional Bloom regime during the 1998-2002 SeaWiFS years is observed in the 20 -40 N latitudinal belt of both the Atlantic and Pacific Oceans (green and blue regions in Figure 5 ). This "new" regime replaces much of the Bloom and Subtropical North regimes of the 1979-1983 CZCS years: nearly a third of each of these original regimes had converted to Transitional Bloom (Table 2) . We have also shown that this replacement is even more important if the whole SeaWiFS series (1998-2010) is considered, but also that it is dominant during La Niña years.
[41] One area that changed from Bloom to Transitional Bloom (green regions in Figure 5 ) is the western subtropical North Atlantic. Phenologically (Figures 1a and 1f) , this change can be seen in both the seasonality (i.e., difference between annual maximum and minimum) of the normalized surface Chl and the timing of the peak. Seasonality during the 1998-2002 period (Figure 1f ) is relatively muted, and the time of peak normalized Chl is shifted earlier by two months (from May to March). SODA mixed layer depths show a general shoaling of the annual maximum depth over that same time period ( Figure 6a) ; no change in the timing of the maximum was observed (Figure 6b ). Chlorophyll concentrations in this region generally diminished between the 1979-1983 years and the 1998-2002 years [Antoine et al., 2005; Martinez et al., 2009] . Both these lines of evidence (decreased mixing and generally lower Chl concentrations), as well as the shift to a more muted seasonality, are consistent with a presumed reduction in nutrient flux to the upper layer, related to enhanced upper-ocean stratification [as proposed by Behrenfeld et al., 2006; Follows and Dutkiewicz, 2001] .
[42] For subpolar North Atlantic regions, the timing of the chlorophyll peak, variability of mixed layer depth [Henson et al., 2009] , and abundance of zooplankton [Beaugrand et al., 2000] have all been correlated with the North Atlantic Ocean (NAO) index [Hurrell, 1995] . Such NAO correlations are less evident, however, for the subtropical areas long-term detrended mean of North Atlantic Ocean sea surface temperature (SST), revealing cycles of about 65-80 years duration [Enfield et al., 2001] . This index has been found to correlate with chlorophyll-SST long-term variability in the North Atlantic [Martinez et al., 2009] . The AMO index shifted from negative (cool phase) during the 1979-1983 CZCS years to positive (warm phase) during 1998-2002 SeaWiFS years. This overall increase of North Atlantic SST and likely consequent increase in upper-layer stratification is also consistent with the results of our mixed-layer and phenological analyses in the Western sub tropical Atlantic-i.e., generally shoaling mixed layer annual maximum depths (red regions in Figure 6 ) and generally muted normalized-Chl seasonality (green pixels in Figure 5 ). The leftmost columns show the initial apportionment of regime memberships among pixels for the years 1979-1983. For each of these regimes (rows), the percentages indicate the pixel transitions that occurred over the next two decades. The regimes set in bold type were observed during both time periods. For these four persistent regimes, the numbers in italics (i.e., on the diagonal) indicate the percentage of pixels that registered no change of cluster membership. The percentages set in bold type indicate the single most common fate of a given regime's pixels.
[43] In other areas of the subtropical North Atlantic, we observe shifts from Bloom to Subtropical North (red regions in Figure 5 ) and, to a lesser extent, from Subtropical North to Transitional Bloom (blue regions in Figure 5 ). Overall, these changes describe a general dampening of the differences between seasonal minima and maxima and a spreading of the 'growth' season over one or two additional months (Figure 1) . Other analyses document a decrease in upperocean chlorophyll content in these regions, as observed comparing the trends for two disconnected climatologies of the 1979 -1983 years [Antoine et al., 2005 Martinez et al., 2009 ] but also more continuously over the period -2006 [Behrenfeld et al., 2006 . The phenological change of the whole subtropical North Atlantic Ocean could be linked to enhanced stratification, which may in turn be related to the SST variability indicated by the AMO index (i.e., enhanced stratification during AMO warm, positiveindex phases).
[44] Transitional Bloom emergence is also observed in the Kuroshio area, replacing earlier Bloom conditions (western North Pacific; green pixels in Figure 5 ). Here, chlorophyll concentrations decreased between 1979 -1983 [Martinez et al., 2009 and mixed layer depth annual maxima shoaled (Figure 6a ), similar to the pattern observed in the North Atlantic. No change was observed in the timing of peak normalized chlorophyll (Figures 1a and 1f) or annual maximum depth of mixing (Figure 6b) .
[45] Widespread emergence of the Transitional Bloom regime occurred in the North Pacific along the longitudinal belt of 20 -30 N, replacing the Subtropical North regime observed in the period 1979-1983 CZCS (blue regions in Figure 5 ). This change implies a delay of about one month in the phytoplankton annual maximum (from February to March) and a smoothed seasonality (Figures 1c and 1f) . SODA MLDs (Figure 6 ) indicate a shoaling of the maximum mixed layer depth and no change in the timing of the maximum. A general decrease of surface chlorophyll concentrations was observed over this time period [Antoine et al., 2005; Martinez et al., 2009] .
[46] The region of this major phenological change is located approximately along the Pacific Transition Zone Chlorophyll Front (TZCF) [Polovina et al., 2001 ], a dynamic, seasonally migrating, basin-wide front that divides the high-chlorophyll subarctic gyre from the low-chlorophyll subtropical gyre. Strong chlorophyll seasonality is observed to the north of the front and weak seasonality to the south [Longhurst, 1995] . During El Niño winters, the front migrates especially far southward, to move northward during La Niña periods [Bograd et al., 2004] . During the 1979-1983 CZCS years (which included a strong El Niño event), the TZCF exhibited its greatest observed range of migration and southward extent [Bograd et al., 2004] . This frontal behavior is consistent with the phenological conditions we detectedi.e., the presence of the Subtropical North regime (moderate seasonality) in the longitudinal belt of 20 -30 N. The subsequent emergence of the Transitional Bloom regime (relatively muted seasonality) is similarly consistent with the observed shrinkage and more northerly position of the TZCF during the 1998-2002 SeaWiFS years, which comprises at least three La Niña events [Radenac et al., 2012] . This effect of the El Niño/La Niña on the TZCF, and, in turn, on the phytoplankton phenology of the subtropical North Pacific, is confirmed by the separate analysis of the El Niño and La Niña years on the 1998-2010 data set (Figure 7) .
[47] The TZCF position is correlated with the strength of the Aleutian Low [Bograd et al., 2004; Peterson and Schwing, 2003] , which is in turn related to the Pacific Decadal Oscillation [Mantua and Hare, 2002; Mantua et al., 1997] . The PDO index is widely used to characterize North Pacific atmosphere-ocean-ecosystem variability. Twentiethcentury events typically lasted 20 to 30 years [Mantua and Hare, 2002; Mantua et al., 1997] and appear to be driven in equals parts, at decadal scale, by the variability of the Aleutian Low, the ENSO and the zonal advection anomalies of the Kuroshio-Oyashio extension [Schneider and Cornuelle, 2005] . In 1977, the PDO experienced a major polarity shift and entered a positive ("warm") phase, typically characterized by anomalously warm SSTs along the coasts of North and South America, anomalously cool SSTs in the central North Pacific, enhanced North Pacific counterclockwise wind stress [Mantua and Hare, 2002] , and a deepened mixed layer north of 25 N Di Lorenzo et al., 2008] . Subsequent years (the CZCS years) saw a stronger Aleutian Low, a southward shift of westerly winds, and the aforementioned southerly TZCF excursion [Bograd et al., 2004; Peterson and Schwing, 2003] . Our detection of the Subtropical North regime (moderate seasonality) in the 20 N-30 N belt could well be an element induced by the PDO positive phase.
[48] During the 1998-2002 SeaWiFS period, the PDO index was negative, but atmospheric and SST patterns were different from classical cool-phase conditions [Bond et al., 2003] . There are some indications that the North Pacific Gyre Oscillation (NPGO)-i.e., changes in gyre circulation intensity-may better explain large-scale ecosystem variability of 1998-2002 years than does the PDO [Di Lorenzo et al., 2008] . The NPGO index, which was strongly positive during the 1998-2002 SeaWiFS years, has been promoted as a primary indicator of upwelling strength and associated biogeochemical change (e.g., nutrient fluxes and Chl concentrations) off the California coast [Di Lorenzo et al., 2008] . Large-scale effects on ecosystems of the open Pacific basin remain somewhat speculative, and the role of the NPGO in forcing the phenological changes we observed is at present unclear. We can hypothesize that if present suspicions are confirmed (i.e., if the NPGO does turn out to be a strong indicator of large-scale variability), then it may, through its influence on Aleutian Low and TZCF variability, ultimately be found to drive the phenology of the subtropical North Pacific's surface chlorophyll.
[49] Overall, considering the main features of Transition Bloom regime (i.e., longer and flatter 'growth' season, reduced difference between minima and maxima, highstandard deviation), we interpret the widespread emergence of Transitional Bloom during the l998-2002 period (Figures 2b, 3, 4 , and 5) as the weakening of a strong latitudinal seasonality gradient observed during the 1979-1983 years. The Transitional Bloom, which replaces geographically the Bloom and Subtropical bioregions, reflects then a much higher zonal variability in the phenological regimes of the Northern Hemisphere. Phytoplankton in affected areas lost synchrony and fragmented the pronounced seasonality characterizing the previous period. This regime shift would be consistent with an overall decrease in the upward flux of nutrients due to stronger upper-ocean stratification (i.e., shallower MLDs; Figure 6a ), likely coupled with a larger spatial and interannual variability in the dynamics of the mixed layer. It would also be consistent with changes in other processes, such as a stronger coupling between producers and grazers (more akin to a classical Tropical regime), but data are not available to assess the relative contributions of the many potential contributing factors, particularly those that involve trophic interactions. If we confine our attention to first-order bottomup controls on phytoplankton phenology, we can say that the appearance of the Transitional Bloom regime during the 1998-2002 period indicates a general smoothing of the normalized-chlorophyll seasonality in the Northern Hemisphere if averaged at large scales, due in large part to a change mixed layer dynamics and a consequent increase of variability in the phase of the seasonal cycle. This mechanism to explain the appearance of Transitional Bloom is partially confirmed by our analysis of the El Niño/La Niña years. We observe Transitional Bloom only during La Niña years. During these years, the variability of atmospheric forcing in the Northern Hemisphere increases respect to the mean state [i.e., Li and Lau, 2012] , likely inducing the modifications of the mixed layer dynamic, which are supposed to determine the appearance of the Transitional Bloom. It is worth noting, however, that the Radenac et al. [2012] classification we used to group La Niña/El Niño years is different from others [i.e., McPhaden et al., 2011] , which makes the explanation of the link La Niña-Transitional Bloom very preliminary and worthy for further analysis.
Disappearance of the Transitional Tropical Regime
[50] During the 1979-1983 years, the Transitional Tropical regime occupied most of the tropical ocean belt (Figure 2) . By the 1998-2002 years, though, this regime had been replaced by others (Table 2 ). In the Indian Ocean along the east coast of central Africa, Transitional Tropical shifted to Subtropical South (purple pixels in Figure 5) , and in the western equatorial Atlantic and the eastern tropical and subtropical Pacific, it shifted to Tropical (Table 2 ; pink pixels in Figure 5 ). In other words, conditions had apparently become generally less tropical (i.e., with heightened seasonality) in the Indian Ocean and generally more tropical (more muted seasonality) in the western equatorial Atlantic and eastern and subtropical Pacific.
[51] In the Indian Ocean, monsoonal dynamics typically induce a first bloom in summer and a secondary weaker bloom in late fall-winter, with little interannual variability [Marra and Barber, 2005; Yoder et al., 1993] . This pattern of a strong summertime bloom is more similar to our Subtropical South regime (observed during the 1998-2002 SeaWiFS years; Figure 2b ) than to Transitional Tropical (obtained during the 1979-1983 CZCS period; Figure 2a) , which exhibits no summertime bloom. This apparent shift from winter bloom (during 1979-1983) to summer bloom (in the 1998-2002) could perhaps be ascribed to a change in the relative intensity of the summer and fall monsoons which in turn might imply interannual variability of the physical forcing [Longhurst, 1998; Marra and Barber, 2005] . However, SODA-derived mixed layer characteristics (i.e., the magnitude and timing of annual maximum depths) during the two periods are relatively constant (Figure 6 ), which would seem to exclude significant impacts from changes in mixed layer dynamics. An alternative explanation of the anomalous winter-bloom cluster obtained for the 1979-1983 CZCS period might be artifactual bias due to extensive summertime cloud cover [Banse and McClain, 1986; . We are unable to attribute the apparent shift in the Indian Ocean to either real phenological change or coverage-related artifact.
[52] Similarly, in the western equatorial Atlantic the 1979-1983 CZCS Transitional Tropical regime could be considered atypical or perhaps even artifactual. In this region, summertime chlorophyll increase is driven by seasonal intensification of the trade winds Li and Philander, 1997; Monger et al., 1997] and is modulated by high precipitation and river runoff in the westernmost area [Dessier and Donguy, 1994] . Our observed Tropical patterns of the 1998-2002 SeaWiFS years agree with this scenario [e.g., Pérez et al., 2005] . The Transitional Tropical regime observed in the period 1979-1983, on the other hand, with its larger wintertime biomass (normalized chlorophyll) accumulation (Figure 1e ), would be considered unusual for this region. The signal observed in the 1979-1983 CZCS observations was ascribed by Deuser et al. [1988] to river runoff; such runoff could potentially confound the cluster analysis of the reprocessed CZCS signal.
[53] The third region where we observed disappearance of the Transitional Tropical regime is in the Eastern Tropical Pacific (between 10 N and 10 S and between 90 W and 120 W). Here, the Tropical regime had become prominent during 1998-2002 ( Figure 5 , pink pixels). Phytoplankton seasonality in this region is characterized by a winter maximum driven primarily by nutrients advected in from the Equatorial upwelling region and the Peru current by the South Equatorial Current and from the equatorial front and the 10 N thermocline ridge by the North Equatorial Counter Current [Pennington et al., 2006] . Overall, the region is strongly influenced by large-scale El Niño and La Niña interannual variability, the strength of which is tracked by the Multivariate ENSO Index (MEI) [Wolter and Timlin, 2011] . Typical event duration is 6-18 months [Wang and Fiedler, 2006] . During El Niño years (MEI positive), a deeper pycnocline in the eastern equatorial Pacific results in a diminished supply of nutrients to surface waters [Pennington et al., 2006] . A general smoothing of the winter phytoplankton maximum has been observed during these positive phases [Feldman et al., 1984; Strutton et al., 2008] . For La Niña years (MEI negative), the sources of variability in phytoplankton seasonality are less well understood. Recent findings [Behrenfeld et al., 2001] indicate that during La Niña years biomass generally increases across the whole equatorial Pacific, though this effect seems less pronounced in the east [Strutton et al., 2008] . It is noteworthy, moreover, that the statistically relevance of the Tropical regime for the 1998-2002 period is low. The observed shift between the Transitional Tropical to Tropical in the Eastern Tropical Pacific could be then an artifact of the clustering method.
Other Regime Shifts and Transitions
[54] Other changes of more limited spatial extent were also detected in the phenological patterns between the 1979-1983 and the 1998-2002 years. The western tropical North Atlantic shifted from Bloom to Subtropical North (red pixels in Figure 5 ), consistent with a general shoaling of MLD maxima as previously discussed. The transitions from Tropical or Subtropical North to Bloom (brown pixels in Figure 5 ) on the western side of the Pacific equatorial belt is likely driven by the two strong La Niña events that occurred near the turn of the century. The 1998-1999 event is documented to have increased seasonality of surface chlorophyll in the region [Radenac et al., 2012] , which would be consistent with our observed emergence of the Bloom regime.
[55] In the 1998-2002 period, clusters typical of the Northern Hemisphere were assigned to a few areas of the Southern Hemisphere poleward of 40 S (e.g., the Tasman Sea and the southern edge of the Algulhas Current; gold pixels in Figure 5 ). These cycles exhibit a 6-month lag with the seasonal cycle of irradiance-i.e., the normalizedchlorophyll peak is offset from the maximum irradiance by half a year. In these areas, intense mesoscale activity is often observed [Tilburg et al., 2002; Weeks and Shillington, 1994] . Such processes may decouple phytoplankton growth events from the annual illumination cycle.
[56] The transitional clusters (i.e., Transitional Tropical and Transitional Bloom regimes) represent important phenological states of oceanic phytoplankton. The notion that these clusters represent change from one regime to another is evident when mean seasonal cycles of the 1998-2002 period are calculated for pixels that during the years 1979-1983 were identified as Transitional Tropical (Figure 1e ). The resulting cycle (Figure 1g ) is clearly different from its predecessor. It appears more similar to the Tropical cycle (Figure 1b) , which is a reasonable result for the latitudinal belt in question ( Figure 2a , blue pixels; Figure 5 , pink pixels). When mean seasonal cycles for the years 1979-1983 are calculated on pixels identified in the 1998-2002 years as Transitional Bloom (Figure 1f) , the resulting pattern (Figure 1h ) appears very similar to its successor. This similarity (persistence) supports our hypothesis that the Transitional Bloom regime, more than representing an intermediate state between the Bloom and Subtropical North, arises from the coexistence of the two regimes in the same year and from the alternation over the years. The use of multiyear averages merged the two regimes in one unique cluster, which display then a higher variance than the others.
[57] Properly speaking, Transitional Bloom is not a new regime, but the superposition of two well-identified regimes, modulated by the interannual variability. However, its appearance/disappearance occurs during La Niña/El Niño years (Figure 7) , and it strikes the similarity between the cluster spatial distribution for the 1979-1983 CZCS period (Figure 2a) and of the 1998-2010 SeaWiFS El Niño years (Figure 7b ). Less evident, though still visible in particular in the Northwestern subtropical Pacific, is the correspondence between the 1998-2002 SeaWiFS period (Figure 1b ) and the La Niña years (Figure 7a ). Again, we interpret these patterns of the Transitional Bloom as an effect of the multiyear average, as during the CZCS period (1979) (1980) (1981) (1982) (1983) , a strong El Niño was detected, while during the 1982-2002 SeaWiFS years both El Niño and La Niña events are observed.
[58] Despite this, the expansion of the Transitional Bloom during 1998-2002 (which further intensifies if the whole 1998-2010 SeaWiFS period is considered) indicates that the change from 1979 to 1983 and 1998-2002 reflects a large scale change in the functioning of a part of the Northern Hemisphere, which could be related to the La Niña/El Niño effects. From a marked and geographically well defined seasonality, chlorophyll distribution changed to a much higher variability in time and space, which produces an overall smoothing of the seasonal patterns. Typical phytoplankton maxima of December-January in the Subtropical North and April-May in the Bloom regimes respectively flattens over a longer time interval (November-March), mostly reflecting a phase shift in space and time. In other words, the change in phenology does not occur coherently all over a given bioregion but with a patchy pattern.
[59] This change may have also been enhanced by the fact that spatial variability during CZCS might have been minimized by the averaging of a less frequent and spatially coarser coverage. Therefore, it is not possible to state if it reflects a long-term trend or just a variation at decadal scale. Certainly, it prompts for an in depth investigation on the possible link of the evident change in the seasonal cycle of phytoplankton chlorophyll with the functioning of the food web.
Final Considerations
[60] Analysis of ocean color data from the 1979-1983 and 1998-2002 indicates a modification of the phytoplankton phenological regimes in Northern Hemisphere temperate latitudes and in the equatorial belt. In particular, in subtropical areas of the North Pacific and Atlantic Oceans, we observed a widespread expansion of a regime showing a smoothing of seasonality (i.e., Transitional Bloom). A careful analysis of this expansion strongly suggests that the smoothing of the seasonal pattern is indeed linked to an increase of variability in the phase of seasonal cycle in space and time. This in turn suggests that the Transitional Bloom regime is not a new regime but the just the juxtaposition of the Subtropical North and Bloom regimes. The data do not allow for conclusive assessment of the causes-for example, whether these changes indicate coherent responses to a single large-scale forcing change and associated teleconnections.
Nevertheless, identification of phenological clusters can help give insight into forcing mechanisms by manageably summarizing the huge volumes of information held in satellite data archives and by providing a synoptic, synthesizing view of the spatial distribution of phenological regimes. With further work, the observed phenological changes are likely to be attributable to changes in forcing mechanisms at local and global scales.
[61] While averaging satellite observations over several years highlights dominant modes of a long period and highlights differences, the analysis of years taken as single or grouped by two or three is also highly informative. Differently from the comparison of absolute chlorophyll concentrations, clustering of normalized concentration provides a synthetic view of the spatial response of phytoplankton to variation in, presumably, environmental conditions, which are reflected in a change in phenology.
[62] From our analysis it emerged that the main characteristics of large-scale ocean phytoplankton phenology (i.e., the relative magnitudes and timing of the four primary cycles) remained unaltered between the 1979-1983 and 1998-2002 years. Bloom, Tropical, Subtropical North, and Subtropical South regimes were all observed in the world's oceans during both time periods. Bioregions defined on the basis of phenological similarity did, however, change size and geographical distribution.
[63] In other words, as previously proposed by Smayda [1998] , modification of physical forcing factors does not necessarily induce substantial modification of the typical, fundamental phytoplankton seasonal cycles. Instead, the spatial distribution of these typical seasonal cycles is altered when physical and biological conditions change. Understanding the relative roles of various forcing mechanisms in shaping phenological bioregions is a prerequisite to understanding the response of oceanic ecosystems to changing environmental conditions.
[64] Our results build on a large body of evidence that illustrates the key role of satellite ocean color observations in the long term monitoring of ocean ecosystems. The need to maintain a global ocean color record over decades [McClain et al., 2004] is clear.
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